Influence of aerial dispersal on persistence and spread of pesticide-resistant Metaseiulus occidentalis in California almond orchards by Hoy, M.A. et al.
Influence of aerial dispersal on persistence and spread of pesticide-resistant M etaseiulus 
occidentalis in California almond orchards 
Marjorie A. Hoyl, J. J. Rob Groot2 & Hugo E. van de Baan3 
I Department of Entomological Sciences, University of California, Berkeley 94720, USA,· 2 Department of 
Theoretical Production Ecology, Agricultural University, Wageningen, The Netherlands,· 3 Department of 
Animal Ecology, Agricultural University, Wageningen, The Netherlands 
Keywords: aerial dispersal, Metaseiulus occidentalis, Acarina, Phytoseiidae, Tetranychidae, spider mites, 
pesticide resistance, almonds, biological control, genetic improvement, carbaryl, western predatory mite, 
European red mite, two-spotted spider mite, Pacific mite 
Abstract 
Aerial dispersal of the· phytoseiid Metaseiulus occidentalis (Nesbitt) was evaluated as a component in 
managing pesticide-resistart populations established in California almond orchards. Peak dispersal occurred 
in late July and early August during 1982 and 1983. Most predators (and spider mites) left the orchards on the 
prevailing winds from the northwest. Within the orchard, the prevailing winds had less influence, and 
dispersal was usually random. Both spider mites and predators dispersed randomly with regard to height 
from the almond trees, but data obtained during one 24-h interval suggest they do not disperse randomly 
throughout the day. Most aerial movements occurred between 16-22 h when relative humidity and wind 
speeds increased and temperatures decreased. Spider mites and predators were trapped on panels located 200 
m from the orchard. A survey of carbaryl resistance levels in M. occident a/is collected from almond orchards 
surrounding the release sites indicates that carbaryl-resistant M. occident a/is dispersed at least 800 m between 
1981-83. However, growers wishing to use the resistant strains should release them in their orchards as natural 
dispersal appears to be too slow. Migration of native M. occidentalis into the release sites appeared to be 
sufficiently rare that dilution of carbaryl-resistant populations was minimal during a 2-4 year period. 
Introduction 
Spider mites, and their phytoseiid predators that 
occur in deciduous crops, live in habitats that are 
discontinuous and seasonally transient. Thus, they 
must move from senescent foliage each fall to over-
wintering sites. They may also move from exhaust-
ed resources to new resources during the growing 
season. Both spider mites and their phytoseiid pre-
dators can walk from leaf to leaf or along the trunks 
of trees. Bernstein ( 1983, 1984) reviewed dispersal 
behavior of Phytoseiulus persimilis and showed 
that females could walk319.5 metersperday. How-
ever, very rapid movements from orchard to or-
chard or from tree to tree have been observed. 
Apparently both spider mites and phytoseiids have 
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adopted aerial movements as a long distance dis-
persal mechanism (Boykin & Campbell, 1984; 
Brandenburg & Kennedy, 1982; Field, 1981; Flesch-
ner eta/., 1956; Hoelscher, 1967; Hoy, 1982; John-
son & Croft, 1976, 1981; Mitchell, 1970; Pedgley, 
1982; Stabler, 1913). 
Experiments were conducted in 2 almond or-
chards in California during 1982 and 1983 to 
answer the following questions: I) Do spider mites 
and Metaseiulus occidentalis disperse aerially 
throughout the growing season? 2) Do spider mites 
and M. occidenta/is disperse inside almond or-
chards from tree to tree via the prevailing winds 
from the northwest? 3) Do these mites enter and 
leave almond orchards randomly with regard to the 
four compass directions? 4) Is there a relationship 
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between the number of M. occidentalis and spider 
mites on foliage and the number dispersing aerially? 
5) Do spider mites and M. occidentalis disperse 
throughout the day? 6) Do predators and spider 
mites disperse primarily from the tops of almond 
trees? 7) How far can spider mites and predators 
disperse from almond orchards? 8) How do aerial 
movements of susceptible native M. occidentalis 
influence persistence of carbaryl resistance after the 
resistant strain has been established? 
Materials and methods 
Field plots. Experiments were conducted during 
1982 and 1983 in 2 commercial almond orchards 
near Livingston, California in the San Joaquin Val-
ley of California, U.S. A., The Livingston-I site is 5. 7 
hectares ( 14 acres) with Mono, Yosemite, and Mis-
sion varieties planted in a I :2: 1 pattern, with trees 
4.6 m and rows 7.6 m apart. M. occident a/is resist-
ant to organophosphorus (OP) and carbaryl insec-
ticides (Roush and Hoy, 1981) were released on 9 
June 1981 into every third tree in every third row, 
by placing 350 ~~I release tree. During 1982, the 
grower applied carbaryl (4.5 kg 80 \\'P Sevin/ha) 
on May 14 and propargite on June 19 (1.3 kg 30 
WP Omite/ ha) by air blast sprayer. On August 4, 
he applied cyhexatin (0.6 kg 30 WP Plictran/ ha) by 
aircraft. During 1983, he applied no insecticides 
during the growing season, but applied 0.6 kg 30 
WP propargite/ ha by air blast sprayer on June 9. 
The Livingston-III orchard consists of 18.2 ha 
(45 acres) of Mission, Nonpareil, and NePlus trees 
in a 1:2: 1 spacing with trees 7.3 X 7.3 m apart. M. 
occidentalis resistant to carbaryl, OP, and sulfur 
pesticides (Hoy, in press) were released on 28 May 
1982, using 2 different release patterns; 900 ~~I tree 
were released into every third tree in every third row 
in half the block (150 000 ~~),while 100 ~~were 
released into every tree in the other half of the 
block, using another 150 000 ~~.On 14 May and 15 
July 1982, the grower applied carbaryl using 4.5 kg 
80 WP 1 ha and 6.8 kg 80 WP I ha, respectively, with 
an air blast sprayer. On 15 July, the grower in-
cluded 1.1 kg 30 WP propargite/ ha with the car-
baryl. During 1983, this block received no insecti-
cides during the growing season, and the grower 
applied I. I kg 30 WP propanzite/ ha on 10 June. 
Foliage samples. During both years, foliage counts 
of spider mites and predators were obtained ca. 
weekly by removing 10 leaves/ tree from the bottom 
half of each of 5 marked trees in 4-6 sites in the 
orchard (Fig. 1 ). The foliage was refrigerated, 
brushed with a mite brushing machine, and active 
stages of spider mites and M. occidentalis were 
counted under a dissecting microscope. 
Aerial sampling methods- 1982 
Movements into and out of orchards. Vertically-
oriented clear plexiglass panels (76 X 175 mm) were 
placed on towers 7.6 meters outside the 2 orchards 
to estimate the relative densities of mites .moving 
into and out of the 2 orchards throughout the sea-
son in the4 compass directions. Towers were placed 
on all 4 sides of the orchards, except none was 
placed on the north side ofthe Livingston-III block 
(Fig. 1). Panels were located 1.9, 3.9, and 5.8 m 
above ground level. Two panels at each height were 
directed toward and 2 .away from the orchard, re-
spectively. Each tower thus held 12 panels. Trees 
were estimated to be 8-9 m tall; thus the panels did 
not reach the canopy top. Panels were covered with 
a thin film of gear box oil (SAE 90) on one side only 
and replaced every week or 2 weeks. Mites trapped 
on the panels were counted using a dissecting mi-
croscope. After counting, the panels were washed 
and reused. Panels were continously present from 
May 5 until September 1 outside the Livingston-! 
site and from May 26 until August 11 outside the 
Livingston-III' orchard. 
Movements inside the orchards. Mite movement 
within the orchard was monitored over the season 
by hanging panels between rows with a rope and 
pulley system so that the grower could take his farm 
equipment down the rows. Panels were changed 
each week or 2 weeks and examined as described 
above. Two sets of 4 panels each were ca. 4.8 and 2.8 
m above ground level, and were oriented so that all 
4 compass directions were sampled at mid- and 
lower-canopy heights. 
The mean number of spider mites (active stages 
only) and M. occidentalis on foliage was compared 
to the number of mites captured on the plexiglass 
panels located inside the 2 orchards. To compare 
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Fig. 1. Map of Livingston-! and Livingston-III almond orchards and surrounding area with foliage sample sites, and panel locations 
within and without the 2 orchards in 1982 (top) and 1983 (bottom). 
the mean number of mites on foliage with those on 
the panels, the number on the panel was divided by 
7 .5, as this is the approximate ratio between an 
almond leaf and the panel. 
Aerial sampling methods- 1983 
Greased panels were placed inside and outside 
the Livingston-! orchard during July 18-25 and 
July 25-August 1. Clear perspex sheets (122 X 49.5 
em (0.604 m2)) were nailed to wooden frames and 
coated with a thin film of gear box oil (SAE 140) on 
one side only using a 15.2 em rubber roller (Print-
master). Panels of the same size were used once in 
each of the 3 experiments described below, as after 
removal they were cut into 40 strips each 3 X 49.5 
em and spider mites and predators were counted 
using a dissecting microscope. 
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Diurnal patlerns of dispersal. To learn· if mites dis-
perse randomly during the day, a panel was placed 
on each of 2 towers 6.1 m tall. The towers were 
located 8 m south of the first row of trees (Fig. I); a 
panel extended down 1.22 m from the top of the 
tower with the greased side oriented towards the 
orchard. Panels were replaced every 2 h for 24 h 
during July 18-19 and every4 h for 48 h during July 
25-27. Every time the panels were changed, weather 
data (temperature, relative humidity, wind speed, 
and wind direction) were collected. 
Variability in numbers collected at different 
heights. During 1982, the panels suspended at 2 
heights within the orchard did not sample the can-
opy top. Since dispersing spider mites and scale 
insects are positively phototropic and negatively 
geotropic(Washburn & Washburn, 1984), we won-
dered if M. occidentalis dispersed from the tree 
tops. To test this, 4 perspex panels were placed 2.8, 
4.6, 7.3, and 10.8 m above ground level on each of2 
towers inside the Livingston-! orchard. The towers 
were located between 2 rows of trees (Fig. 1). The 
panel located 7.3 m above ground level was near 
and the panel 10.8 m above ground was above the 
canopy. Panels were oriented so that the greased 
surface faced northwest (in the direction of the 
prevailing winds), were left in the orchard for 7 
days, and replaced once for a second week of trap-
ping. 
Dispersal distance. Two rows of 5 trees in the 
southwest corner of the Livingston-I 'orchard were 
dusted with tluorescent powder according to the 
method described by Brandenburg & Kennedy 
( 1982). Dust (0.9 kg) was applied twice, once a 
week, using a 2-stroke powder duster. Spider mites 
and M. occidenta/is trapped on the greased panels 
during the subsequent week were examined for the 
dust using an UV light. Because the mites were 
inadequately marked the panels were cut in strips 
and the mites were counted under dissecting micro-
scope. Mites were trapped on 5 panels, each placed 
vertically 6.1 m above the ground on a tower, with 
the panel extending downward 122 em. The 5 tow-
ers were placed in a diagonal line across an open 
field and were 15, 25, 50, 100, and 200m southeast 
of the dusted trees (Fig. I). 
Survey for carbaryl resistance in surrounding al-
mond orchards. Almond orchards surrounding 
the Livingston release sites (Fig. 1) were examined 
during July 19-26, 1983 forM. occidentalis to ob-
tain colonies that could be tested for their carbaryl 
resistance levels. Since native M. occidentalis colo-
nies characteristically exhibit no carbaryl resist-
ance, the presence of even low levels of carbaryl 
resistance in these colonies would support the hy-
pothesis that the resistant strain has dispersed from 
the release sites into surrounding orchards (Hoy, 
1982; Roush, 1979; Roush & Hoy, 1981; Hoy, un-
publ.). Fifteen colonies were obtained from sites 
within a radius of 4827 m (3 miles) with founding 
numbers ranging from 3 to 26, averaging 10 indi-
viduals. The colonies were kept until40-50 gravid 
~~ could be tested, 5 I disc, on pinto bean leaf discs 
(Phaseolus vulgaris), sprayed with 2.4 g a.i. carba-
ryl/ 1 distilled water. The carbaryl-0 P resistant la-
boratory colony and a carbaryl-susceptible labora-
tory colony (W A-33 or Immature Selection-37) 
were tested at the same time as controls. Susceptible 
colonies, whether freshly collected from the field or 
maintained in the laboratory, typically have 0-4% 
survival rates at this ·test dose, while the resistant 
colony typically has a 70-85% survival rate. In ad-
dition, 20 ~~ from each colony were tested with 
water as a check of handling mortality or disease. 
Survival of M. occ.identalis at high temperatures. 
Previous laboratory and field studies indicated 
that hungry, newly-mated M. occidentalis females 
are the primarY, dispersants (Field, 1981; Hoy, 1982, 
unpubl.) Dispersing predator~~ must survive high 
temperatures and low relative humidities in the San 
Joaquin Valley during July and August, and we 
wondered how long they could survive these harsh 
conditions. Female deutonymphs of the carbaryl-
OP-sulfur resistant colony were individually isolat-
ed with a 5 on senescing pinto bean leaf discs 
densely populated with T. urticae as prey. As soon 
as the ~~ mated, they were moved to a paraffin-
coated paper disc without prey for 24 hat 25 °C and 
60-70% R.H. Five hungry~~ were slide-mounted 
ventral side up on sticky tape using the method 
developed for toxicity tests (described by Hoy & 
Knop, 1979), and placed into a temperature cabinet 
(Percival 1-30 B) and held 12, 24, 36, and 48 h at 
·30 oc and 6 h at 35° and 40 °C. Each temperature 
and duration was replicated 4 or 5 times (20 or 25 
~~total) for each temperature and duration tested. 
Equal numbers of~~ were used as controls at each 
temperature and duration but placed into boxes 
with 80-90% R. H. The proportion surviving was 
recorded at the end of each test interval. as once the 
~~ were placed in the desiccator it was not opened 
until time to score. 
Results and discussion 
Movements out of orchards in 1982. Three species 
of spider mites were trapped on panels outside the 2 
orchards in 1982. They were Tetranychus pacificus 
(relative abundance = ca. 60%), T. urticae (10%), 
and Panonychus ulmi (30%). 
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Both spider mites and M. occidentalis left the 
Livingston-! orchard primarily on the south and 
east sides of the orchard throughout the season 
(Table 1). Ca. 92% of the spider mites and 94% of 
the predators were trapped on panels outside the 
Livingston-I orchard on the south and east towers. 
Similarly, 96 and 82% of the spider mites and M. 
occidenta/is, respectively, were trapped on the pan-
els located on the south and east towers outside the 
Livingston-III orchard (Table 2). During the 
summer the prevailing winds in this area of the San 
Joaquin Valley are from the northwest; thus, it 
appears that much of the aerial dispersal of both 
spider mites and M. occidentalis out of these 2 
orchards is via the prevailing winds. More than 80% 
of the spider mites and predators trapped on the 
greased panels were adult ~~. There were no con-
sistent statistical differences in the numbers of mites 
Tahle I. Spider mites and M. occidenralis leaving the Livingston-1 orchard, 1982. 
Date panels Mean apider aites (S.D.) trapped/panel Mean M. occidentalis (S.D.) trapped/ 
placed on located on the 2anel located on the 
towers North South East West North South· East West 
1982 aide of the orcha~/ side of the orchard!/ 
May 5 0 0 
(0) (0) 
11 0.3 0 0 
(0.8) (0) 
19 0 0 0 0 0 0 0 0 
(0) (0) (0) (0) (0) (0) (0) (0) 
June 2 0 0.2 0 0.2 0 0 0 0 
(0) (0.4) (0) (0.4) (0) (0) (0) (0) 
16 0.2 0.2 0 0 0 0 0 0 
(0.4) (0.4) (0) (0) (0) (0) (0) (0) 
July 72 o.sb 2.5a O.Sb 0.2b 0 0.2 0 0 
(0.8) (2.4) (0.8) (0.4) (O) (0.4) (0) (0) 
142 3.2b 73.3a 8.7b 8.7b 0.8 1.3 0.3 0 
(0.9) (42.0) (3.6) (2. 7) (0.9) (1.4) (0.5) (0) 
282 104.8a 7.7b 6.8b 2.8a 0.8b O.Sb 
(36.2) (4.4) (2.1) (2.0) (0.4) (0.8) 
Aug. 42 l.Sb 100. 7a 5.3b 3.0b o.2b 5.3a 2.0b 0.2b 
( 1.4) (76.3) (2.1) (2.8) (0.4) (3.8) ( 1.4) (0.4) 
n2 0.3 9.0 10.3 0.2 Ob 9.8a 10.7a 0.2b 
(0.5) (3.1) (12.5) (0.4) (0) (1.5) (13.4) (0.4) 
202 Ob 4.008 o.sb Ob Ob l.Oa 0.2b Ob 
(0) (2.5) (2.1) (0) (0) (0.7) (0.4) (0) 
1 Kites trapped on 6 panels (175 x 75 mm) facing the orchard on towers at each site. 
2 Means significantly different at the 5% level when tested with one way ANOVA. 
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Table 2. Spider mites and M. occidenralis leaving the Livingston Ill-orchard. 
Date panels Mean spider aites (S.D.) trapped/ Mean M. occidentalis (S.D.) trapped/ 
placed on E!nel located on the ~anel located on the 
towers South East West South East West 
1982 side of the orchardl side of the orchardl 
May 26 0.3 0.3 0 0 0 0 
(0.8) (0.8) (0) (0) (0) (0) 
June 2 0.2 0.2 0 0 0 0 
(0.4) (0.4) (0) {0) {0) (0) 
16 0.3 0.3 0.2 0 0 0 
(0.5) (0.5) (0.4) (0) (0) (0) 
232,3 8.0a 2.2b o.8b 0.2 0 0 
(2.1) {2.1) { 1.5) (0.4) (0) (0) 
July 12 34.2a 6.8b l.Ob 0 0.2 0 
{30.9) (3.3) (0.6) {O) (0.4) (O) 
72 58.0a 19.2b 1.7b 0 0 0 
(43.2) (9. 7) (2.2) (0) {0) {0) 
142 61.2a 78.711 4.3b 6.7a 2.0b Ob 
(32.3) (28.4) (3.8) (3.9) (2.3) {0) 
212 66.3b 196.0a 2.8b 13.3ab 7.0ab 0.2bc 
(42.1) {47.0) (2.5) (8. 7) (3.5) (0.4) 
282 29.8b 693.0a 27.0b 22.2b 101.5a 5.2b 
(24.6) (324.2) ( 16.0) {17.1) (21.4) (4.1) 
Aug. 11 0.8 1.0 0.8 o.s 2.3 0 
{1~5) (1.0) ( 1.2) (0.5) (1.8) {0) 
1 Mites were trapped on 6 panels {175 x 75 am) facing the orchard on towers at each site. 
2 Means significantly different at the 5% level when tested with one way ANOVA. 
3 Spider mite means of June 23 were transformed to log {n + 1) due to a lack of homogeneity 
of variances. 
trapped on the panels at the 3 heights on the towers 
outside the orchard, so the data are pooled in Ta-
bles I and 2. 
The correlation coefficient for the number of 
spider mites on foliage (all active stages) vs. the 
number trapped on the panels (primarily adult fe-
males) is 0.609 (S.E. = 25.93, P ~ 0.00 I) for the 
Livingston-! orchard and 0.308 (S.E. = 10.00, P ~ 
O.OOI) for the Livingston-III orchard. Few spider 
mites were trapped until after early July (Tables I, 
2, Fig. 2). The fact that aerial dispersal peaked in 
July in both orchards, even though spider mite 
densities were different, suggests that factors other 
than density may also influence aerial dispersal. 
One such factor could be the almond tree physiol-
ogy. For example, hullsplit typically occurs during 
the first week of July in San Joaquin Valley al-
monds and this major event could be associated 
with substantial physiological changes in the fo-
liage. 
Dispersal of M. occidentalis was correlated with 
the density of active stages of predators on the 
foliage in the Livingston-! almond orchard (r = 
0.619, S.E. = 1.6). Peak density of~~ on the panels 
lagged behind the peak density on the foliage by 
about one week (Table 1). The correlation between 
the numbers of predators on foliage and on the 
panels was lower in the Livingston-III orchard (r = 
0.067, S.E. =I .487). Little dispersal occurred in this 
orchard until July 21, whereas densities on the fo-
liage were high during late June and early July 
(Table 2). The lag in the numbers of predators 
trapped on panels could be due in part to the fact 
that nymphs as well as adults were sampled on 
foliage while ~~ primarily were trapped on the 
panels. 
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Fig. 2. Comparison of mean number spider mites and M. occidentalis on foliage (active stages) and on greased panels (primarily 
females) in the Livingston-I (top) and III (bottom) orchards during 1982.1\o. mites on panels divided by 7.5 to correspond to almond leaf 
area. 
Large numbers of spider mites left the 2 orchards 
during 1982 (Tables I, 2). To obtain a conservative 
estimate of the number of spider mites and preda-
tors leaving each side of the orchard over the sea-
son, we assumed a) that the number of mites 
trapped on the small panels (76 X 175 mm) were 
directly proportional to the number leaving the 
surface area of the side of the orchard and 5) that 
the number leaving the top of the orchard was 
negligible (which is unlikely). If these assumptions 
are followed then about 170 million spider mites left 
the Livingston-! orchard over the season on the 
south side of this 5. 7 ha orchard, which measured 
196.6 X 3. 7 m in length and height, and30 million 
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left on the east side of the orchard, for a total of200 
million spider mites. Using the same assumptions, 
an estimated 230 and I I 00 million spider mites left 
the south and east sides, respectively, ofthe 18.2 ha 
Livingston-III orchard during 1982. These num-
b~rs could be sufficiently high to have an impact on 
certain surrounding orchards and vineyards if even 
I 0% of the dispersing spider mites colonize a new 
site successfully. Thus, orchards or vineyards lack-
ing predators and having low numbers of spider 
mites could be inoculated with spider mites. 
These numbers are low estimates of spider mite 
dispersal, since it is not unusual for San Joaquin 
Valley almond orchards to have peak densities 
reaching 30-40 I leaf in contrast to the peak of 9-11 
in these 2 sites. Stabler ( 1913) showed that spider 
mites dispersed at least 200 m from almond or-
chards and he 'established the fact that red spiders 
are blown sufficient distances by the wind to make 
an infested orchard a menace to orchards within a 
reasonable distance.' Likewise, Brandenburg & 
Kennedy (1982) showed that 'Large populations of 
spider mites in field corn were found responsible for 
subsequent infestations in peanuts,' when these 
fields were adjacent. 
However, it is likely that 200 or even 1100 million 
spider mites is only a small proportion of the total 
number of spider mites in many orchards or vine-
yards under normal circumstances. If we conserva-
tively assume that over the season each leaf has only 
one spider mite, estimate that each almond tree has 
about 0.5 million leaves, there are 75 trees/ acre, 
then an almond orchard might conse.rvatively have 
37.5 million spider mites/ acre over a season. Under 
many circumstances the arrival of additional spider 
mites would probably be unnoticed. However, ae-
rial inoculation might be very important if the mites 
coming into the orchard have a unique pesticide 
resistance, or if the orchard lacks predators and/ or 
has very low densities of spider mites due to pesti-
cide applications. 
Using the same assumptions regarding aerial 
movements, approximately 8.1 and 8.3 million M. 
occidentalis left the south and east sides of the 
Livingston-! orchard over the season, respectively. 
Similarly, about 40 and 97 million predators left th.e 
larger Livingston-III orchard during 1982. These 
predators could provide an inoculum for sur-
rounding orchards or vineyards if survival is high 
and the dispersal distances achieved are sufficient. 
Again, however, the impact on the recipient or-
chard will depend upon the relative densities of the 
resident predator population. If the orchard lacks 
predators, immigration of the resistant strain could 
be significant. If the recipient orchard has high 
densities of susceptible native predators then the 
gene frequency of the resistance gene would remain 
very small unless relevant pesticides were used as a 
selective agent. 
Movements into the orchards in 1982. The panels 
with the greased surfaces facing away from the 
orchard nearly always trapped significantly fewer 
mites than the traps facing the orchard on the same 
dates during 1982. Thus, there appears to be 2.5 to 
28-fold difference in the number of M. occidentalis 
entering and leaving the Livingston-! orchard over 
the season. The total number of M. occidentalis 
presumably entering the orchard that was trapped 
on the 6 panels facing away from the south side of 
the Livingston-I orchard was 22; 2 were trapped on 
panels facing west, none on panels facing north, 
and 3 were trapped on panels facing east over the 
season. In contrast, a total of 103, 5, 6, and 84 
females were trapped on panels facing toward the 
south, west, north, and east sides of the orchard, 
respectively, and presumably represent the propor-
tion leaving the orchard. These data suggest that 
relatively few pesticide-susceptible M. occidentalis 
entered the Livingston-! orchard. Similar results 
were obtained with the Livingston-III orchard, 
where the number leaving apparently outnumbered 
the number entering by ratios of 3.8 to 8.4. M. 
occidentalis vJere trapped on panels facing away 
from the orchard on the south, west, and east of 
Livingston-III in the following numbers: 71, 39, 
and 68, suggesting these mites were entering the 
orchard. In contrast, 276, 163, and 569 predators 
left this orchard over the 1982 season and were 
trapped on the panels on the south, west, and east 
sides of the orchard, respectively. 
There is however, a correlation between the 
number of predators trapped on the panels facing 
toward and a way from the orchard at each of the 
tower sites (compass directions). Thus, if high den-
sities left the orchard on the south side of the or-
chard, comparably high numbers were trapped on 
panels facing away from the orchard. These traps 
were used to estimate the number of predators en-
tering the orchard. If the mites disperse primarily 
on the prevailing winds, then proportionally more 
should have been trapped on the panels facing 
north and west. This suggests that the traps facing 
away from the orchard actually measure the rela-
tive densities of predators in the air at the time, and 
the number impinging on the panels facing away 
from the orchard are not a reliable estimator of the 
number actually coming into the orchard. We sus-
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pect that eddy effects allowed outgoing predators 
(and spider mites) to be trapped on the panels fac-
ing away from the orchard, thus overestimating the 
numbers entering the orchard from distant or-
chards or vineyards. 
Movements inside the orchards. The traps sus-
pended between 2 rows oftrees within the 2 Living-
Table 3. Movement of spider mites and M. occidentalis with the Livingston-1 almond orchard during 1982. 
Date panels Mean spider mites (S.D.) trapped/panel Mean M. occidentalis (S.D.) trapped/ 
placed on facins 2anel facina 
towers North South East West! North South East West! 
1982 
Apr. 22 0 0 0 0 
(0) (0) (O) (0) 
28 0 0 0 0 0 0 0 0 
(0) (0) (0) (0) (0) (0) (0) (O) 
May 5 0.3 0.9 0.1 0.1 0 0 0 0 
(1.0) (3.2) (0.3) (0.5) (0) (O) (O) (0) 
11 0 0 0 0 0 0 0 0 
(0) (0) (0.2) (0.2) (0) (O) (0) (0) 
19 0 0 0 0 0.1 0 0 0 
(0) (0.2) (0.2) (0.2) (0.3) (0.2) (0) (0) 
June 2 2.2 2.7 1.7 2.2 0 0 0 0 
( 1.9) (4.0) (1.7) ( 1.5) (0) (0) (0) (0) 
16 1.8 1.4 0.8 1.3 0 0 0 0 
(2.2) ( 1.8) (1.2) (1.4) (0) (0) '(0) (0) 
July 72 23.0 16.3 19.5 24.6 0.4ab 0.2ab Ob 0.7a 
(22.6) (19.3) (22.9) (28.1) (1.1) (0.8) (0.9) (0.9) 
142 66.2 63.4 66.3 80.3 0.7ab 0.3b 0.2b l.Oa 
(83.3) (90.5) (101.3) (116.8) ( 1.1) (0.9) ( 1.0) ( 1.1) 
283 58.5 48.3 50.5 75.0 3.0 2.5 2.5 2.7 
(80.2) (43.8) (67.1) (108. 7) (3.4) (2.8) (3.0) (3.1) 
Aug. 42,3 44.5 25.6 32.7 44.1 8.la 5.8c 6.5bc 7.0ab 
(56.4) (21.1) (25.0) (57.0) (6.7) (5.5) (6.8) (6.7) 
112,3 2.0a l.Ob 1.6ab 1.8ab 3.6a 1.3b 1.3b 4.0a 
(1.9) (1.1) ( 1.9) (2.1) (3.1) (2.5) (2.1) ( 3. 2) 
203 1.8 0.3 0.4 1.8 0.6 0.3 0.3 0.3 
(4.3) (0.8) ( 1.0) (4.3) (1.3) ( 1.0) (0.8) (0.9) 
Sept. 13 0.4 0.2 0.2 0.3 0 0 0 0.1 
( 1.0) (0.5) (0.5) (0. 7) (0.2) (0.2) (0.2) (0.3) 
1 Mites vere trapped on 16 panels (175 x 75 mm) at each of 6 sites; at each site, 4 panels 
each faced north, eouth, east and west. 
2 Means significantly different at the 5% level vhen tested wit~ a one way ANOVA. 
3 Spider •ite counts during July 28-Sept. 1 were tested using log (n + 1) transformation due to 
lack of hoaogeneity of variance. 
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ston orchards during 1982 were located at 2 heights 
and oriented to trap mites coming from all4 com-
pass directions. Unlike the results with the traps 
located on towers outside the orchard, consistent 
differences in the number of mites trapped on pan-
els oriented north, south, east, or west did not occur 
(Tables 3 & 4). Some significant differences were 
found on certain sample dates, however, which 
suggests that the prevailing winds from the north-
west sometimes do influence the movement of mites 
inside the orchard. However, it appears that wind 
turbulence within the orchard is more important 
than the prevailing wind direction, and both spider 
mite and predator movements within the orchard 
were relatively uniform. No consistent differences 
were found in numbers of mites trapped at the 2 
heights within the orchard, so the data are pooled in 
Tables 3 & 4. · 
Diurnal patterns of dispersal. Neither spider mites 
(P. ulmi and T. pacificus) nor M. occidentalis 
dispersed uniformly throughout the day, based on 
the sampling conducted during 18-19 July 1983 
(Fig. 3 ). During 1983, most of the spider mites 
sampled were P. ulmi, with only a few T. pacificus 
collected. Most dispersal occurred during the 16-22 
h interval. Temperatures declined from 30 to 
22.5 °C, relative humidity increased from 30 to 
46%, and average wind speed increased (Fig. 3). A 
similar pattern was observed during the second 
sampling interval (July 25-27), but the absolute 
number of mites trapped were very low, so they are 
not graphed. Because so few were trapped during 
the second week, we have too few replicates to de-
termine if the dispersal pattern observed is typical. 
There were no gross, order of magnitude, differ-
ences in the numbers of P. ulmi and M. occident a/is 
Table 4. Movement of spider mites and M. occidentalis within Livingston-III almond orchard. 
Date panels Mean spider mites (S.D.) trapped/panel Mean M. occidentalis (S.D.) trapped/ 
placed on facins 
West! 
~anel.facins 
West! towers North South East North South East 
1982 
May 26 0 0 0.2 0.1 0 0 0 0 
(0) (O) (0.5) (0.3) (0) (0) (0) (O) 
June 2 2.7 1.5 l.i 2.0 0 0 0 0 
(3.4) (2.3) (2.2) (2.6) (O) (0.1) (0) (0) 
16 5.0 4.6 5.1 6.0 0 0 0 0 
(3.7) (5.2) (5.0) (5.1) (0.1) (0.1) (0) (0) 
23 5.8 5.2 5.8 7.7 0 0.2 0.2 0.2 
(4.9) (5.7) (5.5) ( 6.5) (0) •(0.4) (0.6) (0.4) 
July 1 32.5 28.1 26.8 29.3 1.0 0.3 0.5 1.0 
(26.0) (21.9) (15.9) (20.4) ( 1.5) (0.5) (0.9) (1.5) 
7 1.5 0.4 0.5 0.7 
(2.5) (0.6) (0.6) (0.9) 
14 15.3 15.7 20.3 23.4 2.5 3.1 2.0 3.4 
(16.5) (16.1) (23.4) (24.2) (2.9) (3.4) (2.4) (2.6) 
21 7.9 5.9 4.5 7.1 1.5 0.9 0.6 1.7 
(9.5) ( u. 7) (5.2) (8.6) (1. 5) (1. 4) (1. 3) (1.9) 
28 7.5 4.9 5.2 7 .. 4 3.7 4.0 3.1 2.7 
(8.4) (7 .3) (6.6) (8.5) (3.4) (5.7) (3.8) (2.5) 
Aug. 112 0.4 8.5b o.5b 1.3a 0.5 0.3 0.4 0.6 
(0.6) (0. 7) (1.2) (1.7) (0.8) (0.5) (0. 7) ( 1.3) 
1 Mites were trapped on 16 panels (175 x 75 mm) at each of 6 sites; at each site, 4 panels 
each faced north, south, east and vest. 
2 Means significantly different at the 5% level when tested with a one way ANOVA. 
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Fig. 3. Dispersal of spider mites and M. occidentalis every 2 h 
during July 18-19, 1983 outside the Livingston-! almond or-
chard. 
trapped at 2.75, 4.6, 7.3 or 10.8 m within the or-
chard (Table 5). This suggests that traps located at 
any height within the orchard are equally good 
estimates of relative dispersal densities. Thus there 
is no evidence that exceptionally large numbers of 
mites disperse out of the top of the almond tree. The 
two towers (east and west, Fig. I) were expected to 
provide comparable data. However, the numbers of 
spider mites and predators trapped on the east tow-
er was significantly greater than the number 
trapped on the west tower for both of the weeks 
sampled (Table 5). 
Dispersal distance. Fluorescent dust was found on 
the greased panels 15, 25, 50, 100, and200 m from 
the dusted trees. However, the dust particles were 
not associated with either spider mites or predators. 
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The reasons for this are unknown as preliminary 
laboratory trials showed that predators could be so 
marked. Substantial numbers of spider mites and 
M. occidentalis were found 200 m away from the 
dusted site (Table 6), although we cannot be sure 
these mites came from the Livingston-! orchard. 
However, it is likely that the mites either came from 
the Livingston-1 or II orchards, since these are the 
closest mite sources in the area (Fig. 1). Even if the 
mites came from the Livingston-11 orchard, the 
nearest almond tree is at least 200 m away. Thus, 
these predators can move at least 200 m with pre-
vailing winds of ca. 100-200 m/ minute (Fig. 3). In 
fact, there is no apparent decline in the numbers of 
mites trapped on the most distant tower. 
Survey for carbaryl resistance in surrounding al-
mond orchards. Four of 15 colonies of M. occiden-
t a/is collected from almond orchards surrounding 
the Livingston release sites exhibited a measurable 
level of carbaryl resistance, suggesting that the re-
leased strain had successfully dispersed and estab-
lished in these sites. Eleven colonies exhibited 0% 
s11rvival when tested with 2.4 g carbaryl a.i./ liter 
water. This is typical of native populations of M. 
occident a/is tested to date from California almond, 
apple, and pear orchards and vineyards (Roush, 
1979; Roush& Hoy, 1981; Hoy, 1982). The colonies 
that exhibited 6, 6, 14, and 34% survival are south 
and east ofthe release orchards, as might be expect-
ed if aerial movements occur primarily with the 
prevailing winds from the northwest, and were col-
lected ca. 800 m from the nearest release site. Re-
sistant and susceptible laboratory colonies had 80 
and 0% survival rates. 
Table 5. Comparison of numbers of mites trapped at four heights within the Livingston-! almond orchard, 1983. 
Date and Total number of mites on panels (m above ground) 
tower location 
2.75 4.6 7.3 10.8 
SM MOl SM MO SM MO SM MO 
July 18-25 
East tower 224 70 178 30 302 95 408 67 
West tower 132 28 222 38 283 72 188 42 
July 25-Aug. I 
East tower 166 14 168 28 662 64 320 40 
West tower 10 0 II 3 5 2 15 3 
ISM= total no. of spider mites/ panel (0.604 m2); MO =total no. of M. occidentalisf panel. 
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· Table 6. Spider mites and .\/. occidenralis trapped on panels south and east of fluorescent-dusted trees in the Livingston-1 almond 
orchard, 1983. 
Interval Distance (m) from dusted trees 
sampled 
15 25 50 100 200 
SM 1 MO SM MO SM MO SM MO SM MO 
July 18-25 84 30 98 37 40 17 32 21 27 8 
July 25-Aug. I 41 23 34 11 26 15 18 7 64 19 
ISM= total no. spider mites panel (0.604 ro2); \10 =total no. of M. ocddentalisjpanel. 
Survial of M. occidentalis at high temperatures. 
Hungry, mated M. occidentalis females can sur-
vive for 6 hat 35°C at 30% R.H., and more than 
45% survive for 24 hat 30°C and 30% R.H. (Table 
7). This seems to be sufficiently long that aerial 
movements can result in successful colonization of 
nearby orchards and vineyards. These tempera-
tures and relative humidity conditions are similar to 
those experienced during the July 1983 field exper-
iments (Fig. 3). 
General discussion 
During 1981-83, large numbers of M. occidenta~­
lis and spider mites dispersed during July and early 
August, both within and out of the 2 almond or-
chards (Tables 1-4; Hoy, 1982). Aerial dispersal 
thus appears to provide a mechanism for between-
tree, between-row, and longer range movements of 
both predator and prey in almonds. Stabler ( 1913) 
first observed aerial movements of spider mites in 
Table 7. Survival of hungry, newly-mated females of Jf. occi-
dentalis at high temperatures at 30 and 809( R.H. 
Test Temp. Mean c;c (S.D.) Mean% (S.D.) 
duration oc survival at survival at 
(hours) 30o/c R.H.' 809( R.H. 
12 30 70 (26) 95 ( 10) 
24 30 45 (20) 90 ( 12) 
36 30 16 (26) 100 (0) 
48 30 0 93 ( 12) 
6 35 100 (0) 100 (0) 
6 40 0 90 (12) 
1 Relative humidity controlled with saturated calcium chloride in 
a 3.75 I desiccator; 20 or 25 ~¥ tested under each condition; 
desiccators were unopened until the test was complete. 
California almonds, and Fleschner et a/. (1956 ), 
Boykin & Campbell (1983), Brandenburg & Ken-
nedy ( 1982), and others have described large scale 
aerial movements of spider mites in other crops. 
Recognizing that such movements occur is impor-
tant in pest management programs. Orchard 'hot 
spots' can serve as the infestation foci for the entire 
orchard, making spot treatments of spider mites 
highly justified, particularly when predator densi-
ties are low. Large scale aerial movements of spider 
mites could also explain· the rapid infestations seen 
in several almond orchards in the tops of trees 
during July and August when densities during the 
preceding 2 weeks were exceptionally low (M. Hoy, 
unpubl.). These rapid population increases are at-
tributable in part to the very high reproductive rate 
exhibited by spider mites in hot, dry conditions but 
the yare probably due, in some cases, to immigration 
of large numbers of spider mites into the orchard 
from neighboring orchards with outbreak popula-
tions. 
Aerial movements of both spider mites and M. 
occident a/is are correlated with the densities of each 
on the foliage, but factors other than density may 
influence dispersal rate. Perhaps the tree's physio-
logical status has an important role, as dispersal of 
spider mites occurred shortly after hull split in 
2 almond orchards during 1982 and 1983. Whether 
unique temperature, relative humidity, or wind 
conditions occurred at this time is unknown. All of 
these factors are known to influence arthropod dis-
persal ( Pedgley, 1982; Wellington, 1983 ). 
M. occident a/is appears to have a dispersal strat-
egy similar to that of spider mites. Spider mites are 
aerial planktors, having a low probability of reach-
ing a new resource (Mitchell, 1970). To enhance 
colonization rate, both spider mites and M. occi-
dentalis compensate by having 66 smaller than, 
and less abundant than,~~ and thereby invest less 
biomass in the sex that does not disperse. Both 
spider mite and M. occidental/is ~~ mate very 
shortly after their emergence as adults, making the 
success of any subsequent colonization more likely. 
In the case of this parahaploid predator, imme-
diate mating is particularly necessary as unmated 
~~cannot produce progeny(Hoy, 1979), a contrast 
to the situation in which unmated arrhenotokous 
spider mites can produce sons. Mitchell ( 1970) sug-
gested that prior to dispersal spider mite reproduc-
tion would be stimulated so that a rapid increase in 
~~ occurred within a short interval. Whether M. 
occidentalis alters its sex ratio or its reproductive 
rate prior to dispersal is unknown, but their repro-
ductive rate in the presence of abundant prey is 
sufficiently high that rapid increases in the standing 
crop of~~ occur rapidly. It is likely that, because 
M. occident a/is is an obligate predator, the absolute 
numbers of predator dispersants are always sub-
stantially lower than the number of spider mite 
dispersants from any particular site. This hypothe-
sis is supported by the relative numbers of preda-
tors and spider mites trapped on panels during 3 
years of sampling (Tables 1-4; Hoy, 1982). 
In San Joaquin Valley almond orchards, move-
ment out of the orchard appears to be primarily via 
prevaling winds from the northwest. Within the 
almond orchard, dispersal of spider mites and pre-
dators appears to be less dependent upon prevailing 
winds and more uniform, presumably due to com-
plex wind patterns within the orchard. These 
movements within the orchard explain how pesti-
cide-resistant predators released into a few trees 
within the orchard can spread throughout the or-
chard within a few weeks (Hoy, 1982; Pedgley, 
1982). 
There is no evidence that the majority of either 
spider mites or M. occident a/is moves to the tops of 
trees prior to dispersing; the numbers of spider 
mites and predators trapped on panels at 4 heights 
within the orchard did not differ. Dispersal of both 
spider mites and M. occidentalis during one 24-h 
interval did occur when weather conditions were 
optimal for survival; i.e. temperature decreased,· 
relative humidity increased, and wind speed was 
low to moderate. Whether spider mites and M. 
occidentalis commonly disperse during late after-
noon through early evening is unknown, but these 
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conditions are common in the San Joaquin Valley 
during the summer, and dispersal at this time would 
have great selective value. 
Large numbers of spider mites and lesser num-
bers of M. occident a/is dispersed out of the Living-
ston-I and III orchards over the 1982 and 1983 
seasons. Despite this, almond orchards in a 0.5 mile 
radius surrounding the sites where the carbaryl-OP 
resistant M. occidentalis were released had no, or 
only low to moderate levels of, carbaryl resistance. 
Even assuming that the predators survived the req-
uisite number of mins/ h in the hot, dry air to arrive 
at a suitable host plant, a number of other condi-
tions must be suitable if establishment is to occur. A 
colonizing predator must find prey; it must not 
suffer application of inappropriate pesticides (the 
carbaryl-OP or carbaryl-OP-sulfur resistant strains 
are susceptible to pyrethroid insecticides), and it 
must compete successfully with any native phyto-
seiid predators in the orchard. Even though acari-
cides such P.s cyhexatin or propargite are selective, 
full application rates of these could result in such 
low levels of prey, at least for several weeks, that 
starvation could occur particularly since M. occi-
dentalis does not feed. on pollen or nectar. There-
fore, if an almond grower would like to establish the 
pesticide-resistant strains of M. occidenta/is in his 
orchard, he should not rely on natural spread, as it 
appears to be too slow. Mass rearing and release is 
feasible, and is a more reliable method of estab-
lishment (Hoy et al., 1982 a, b). 
Conversely, movements of susceptible native M. 
occidentalis intp these release sites appear to be 
sufficiently low that the pesticide-resistant strains 
should persist for at least several years. The ambi-
guity in the trap information (i.e., the correlation 
between high densities on panels facing both into 
and out of the south and east sides of the orchards) 
makes it difficult to estimate the number of preda-
tors coming into the orchard accurately, but the 
number must be very low in relation to the density 
already present. Other field data support this; the 
carbaryl-OP resistant strain was released into a 
Bakersfield orchard in 1979 and the carbaryl resist-
ance level has not changed despite the fact that 
carbaryl was applied only once (in 1980) after the 
predators were released and the orchard is sur-
rounded on 3 sides by almond orchards where the 
carbaryl-OP resistant strain was never released 
(Hoy, 1982; Hoy et a!., 1984). Carbaryl was not 
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applied during I 983 in the Livingston-I or III al-
mond orchards, yet the resistance levels of the pre-
dators remain high to moderate. Thus, available 
evidence supports the hypothesis that dilution of 
the resistant strains, once established in the or-
chard, will not occur in significant amounts over a 
1-4 year interval, which is the longest period these 
resistant strains have been evaluated. Persistence of 
the resistant strains, barring application of inap-
propriate pesticides, is sufficiently good that re-
leases should be considered to provide permanent 
establishments. 
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Resume 
Influence de Ia dispersion aerienne sur Ia persis-
tance et Ia diffusion de Metaseiulus occidentalis re-
sistants aux insecticides dans Jes vergers d'aman-
diers en Californie 
La dispersion aerienne du phytoseidae, M. occi-
dentalis (Nesbitt), a ete estimee comme eh!ment de 
la lutte contre les populations resistantes aux insec-
ticides etablies dans les vergers de Californie. La 
dispersion maximale s'est produite finjuillet et de-
but a out en I 982 et 1983. La plupart des predateurs 
(et des acariens) quittent les vergers avec les vents 
dominants du nordouest. Dans le verger, les vents 
dominants sont moins importants et la dispersion 
est generalement au hasard. Tant les acariens que 
les predateurs se dispersaient au hasard par rapport 
a la taille des amandiers, mais les releves sur 24 
heures laissent supposer qu'il n'y a pas une distribu-
tion aleatoire pendant la journee. La plupart des 
mouvements aeriens se produisirent entre 16 et 22 
heures quand HR et vitesse du vent augmentaient et 
temperature diminuait. Les acariens et predateurs 
ont ete pieges sur des panneaux a 200m du verger. 
Le controle des niveaux de resistance au carbaryl de 
M. occidentalis, recoltes dans les vergers d'aman-
diers entourant le point de Iacher, montre que les 
individus resistants se sont disperses a au moins 800 
m de 1981 a 1983. Cependant, les arboriculteurs 
souhaitant utiliser des souches resistantes devront 
les Iacher dans les vergers, car la dispersion natu-
relle est trop lente. La migration de M. occident a/is 
indigenes dans les lieux de Iacher est apparue suffi-
samment rare pour que la dilution des souches re-
sistantes au carbaryl so it mini me pendant 2 a 4 ans. 
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